Introduction
[2] In the framework of research programmes on the Lesser Antilles subduction zone funded by the European Union and the French and German governments [Hirn et al., 2010] , about 80 ocean-bottom seismometers (OBS) from diverse European pools in Europe (INSU/IPGP (Paris) , Geoazur (Nice), IfM-GEOMAR (Kiel) and AWI (Bremerhaven)) were deployed for several months in early 2007 (Figure 1) . Among them was a number of wideband to broad-band seismometers and hydrophones. The OBS were located at nodes of a 150 km E-W by 300 km N-S grid of multichannel seismic reflection profiles. The OBS recorded arrivals from airgun shots for refraction seismics and travel time tomography, and monitored local and worldwide earthquake activity.
[3] Beyond the active seismic study, one of the aims of the project was also to assess whether seafloor instruments could record transient subduction zone signals such as NVT (nonvolcanic tremor) [Obara, 2002] and LFE (low-frequency events) [e.g., Ide et al., 2008] . The episodic occurrence of such seismic signals was originally discovered by land seismometers at the Cascadia [Rogers and Dragert, 2003] and Nankai-Tokai [Obara, 2002] subduction zones. Together with geodetically observed slip transients [Dragert et al., 2001; Rogers and Dragert, 2003] , these signals may be heralds of megathrust subduction earthquakes [e.g., Hirn and Laigle, 2004] . These events were discovered in regions where the fore-arc region above the activated domain of the subduction interface is subaerial, allowing accurate estimation of the source locations using land stations. However, in most cases the forearc is under water, so seafloor stations are necessary to accurately detect and locate these signals. The Lesser Antilles subduction zone is a particularly challenging zone to monitor, because the basement lies beneath 5000 m of unconsolidated sediments, which itself can lie beneath 5000 m of water.
[4] Our dataset consisting of several months of continuous recordings from a set of diverse OBS provides information on the feasibility of seafloor seismological measurements, and on the effect of site noise, instrument type and environmental conditions, on the data quality. We report here the unexpected high quality of the recorded seismological signal over a very broad frequency band using free-fall OBS. We compare the data quality with that observed at the nearby FDF broad-band observatory of the GSN-GEOSCOPE global network. In particular, normal modes of vibration of the Earth down to the gravest modes ($1 mHz) were recorded on several OBS after the Mw = 8.1 Solomon Islands earthquake of April 1, 2007. This study is well aligned with other efforts attempting to explore normal mode signals from a variety of instruments, such as from gravimeters [e.g., Widmer-Schnidrig, 2003], extensometers [e.g., Park et al., 2008] and tiltmeters [e.g., Ferreira et al., 2006] .
Earth's Response to Earthquakes
[5] As a finite body, the Earth can resonate as a whole at discrete low frequencies. These modes of vibration, which were theoretically predicted before being observed, are named free oscillations. The largest 20th century earthquake, the magnitude 9.5 Chile event in 1960, provided the first reliable observations of the Earth's free oscillations down to the gravest spheroidal normal mode 0 S 2 at 3232 s period (0.309 mHz) [Alsop et al., 1961; Benioff et al., 1961; Ness et al., 1961; Bolt and Marussi, 1962; Connes et al., 1962] . At the time such observations could only be obtained at very few sites worldwide where instruments had reached a suitable quality. The study of Earth's free oscillation and its associated normal mode theory play a central role in seismology, since normal modes contain fundamental information about the large-scale deep structure down to the solid anisotropic inner core and on the magnitude and moment tensor of great earthquakes such as the largest 21st century earthquake yet observed, the Sumatra-Andaman event (26 dec. 2004; Mw = 9.3) [Park et al., 2005] . The free oscillations excited by this event were detected at hundreds of stations. The exceptional strength of this earthquake provided an adequate signal to noise over time series reaching 30 days to directly observe the mode splitting related to the rotation, ellipticity and lateral internal heterogeneities of the Earth [e.g., Okal and Stein, 2009; Roult et al., 2010] .
[6] Free oscillations are now routinely observed for the largest earthquakes (M > 8) at seismic stations equipped with high-quality broadband digital seismometers. Background free oscillations, referred to as the seismic "hum" are incessantly excited by the non-linear interactions between the solid and fluid (ocean and atmosphere) Earth [Tanimoto et al., 1998; Suda et al., 1998; Kobayashi and Nishida, 1998; Webb, 2007; Rhie and Romanowicz, 2004] . However, the spatial sampling of the displacement field is still limited to the smaller part of the Earth corresponding to the continents and a few isolated islands. Laske et al. [2009] reported that at least five of the OBS of the 2005 PLUME project centered on Hawaii, have recorded the spheroidal normal mode 0 S 8 with periods as long as 708 s (1.413 mHz), for the M = 8.6 Simelue-Nias earthquake of 28 March 2005, the third largest earthquake since the 1960 Chile event. This observation provides the first instance of recovering ultra-low-frequency normal modes on unburied ocean-bottom seismometers. For comparison, the nearby GSN-GEOSCOPE station KIP on Hawaii recorded modes out to twice the period of 0 S 8 : namely mode, 0 S 4 at 1546 s, 0.647 mHz with its STS-1 broad-band seismometer.
Data
[7] The results presented here are based on the analysis of the longest period seismometers in our experiment: which are 3 broadband OBS designed by Scripps Institution of Oceanography and owned and operated by the INSU/ IPGP pool. These BB-OBS are equipped with Trillium T240 seismometers, with a flat velocity response down to 240 seconds and a long-period differential pressure gauge (DPG) [Cox et al., 1984] . In the northern half of the survey, 10 wide-band OBS using Güralp CMG40 seismometers, with a flat velocity response out to 60 s and a broadband hydrophone were also considered. All OBS were free-fall deployed on the fore-arc sedimentary basin, 50 to 100 km from the primary volcanic arc (Figure 1 ). The 3 BB-OBS (sites H3, J6 and L3), are located 50 km from one another at 4600 to 5100 m water depth. They were deployed on the sediments of the accretionary wedge above the subducting plate or on the thick fore-arc sedimentary basins above the backstop plate. We also will show data from the land-based FDF seismometer, which is in an underground vault within an extinct volcanic peak on the sheltered leeward side of Martinique island (20 km from the windward eastern coast).
Quality Control With Earth Tides, and Infragravity Noise Signal
[8] In the 1960s, cabled ocean-bottom seismometers offshore California and Bermuda provided first recordings of long period seismic signals and their sensitivity to tidal periods [Sutton et al., 1965; Latham and Sutton, 1966; Barstow et al., 1989] . Such signals are also reported by Montagner et al. [1994] from a temporary deployment of seismometers outside and inside a sea-bottom borehole in the deep ocean. [9] In our experiment, the quasi diurnal and quasi semidiurnal solar and lunar components of solid Earth and oceanic load tides are clearly detected at the sea-bottom at site J6 which is equipped with a Trillium 240 s broadband seismometer (Figure 2 ). For the two other BB-OBS seismometers the comparison of the tidal period signals succeeds only piecewise, possibly due to site instabilities every few days. The signal compares well in phase and in amplitude with the corresponding record of the nearby GEOSCOPE land station FDF equipped with the standard broadband STS-2 seismometer. The slight difference between the tidal amplitudes recorded at the OBS site and at site FDF could be due to the ocean tide loading effects as well as the changing gravitational attraction of the water height varying over the sites. This recording of tides with free-fall OBS demonstrates the data quality down to ultra-low frequencies, since detection of the tidal signal on a broadband seismometer is taken as indicating a high quality station site and instrument.
[10] The Trillium T240s seismometers used in the 3 BB-OBS use a Galperin [1955] configuration, in which the vertical and horizontal components of ground motion are retrieved from the output signals of three physically identical sensors with inclined sensitive axes and mounted at 120 degree angles. This is different from seismometer setups in cardinal directions that have mechanically different vertical and horizontal sensors such as in the case of the CMG40T OBS. This latter instrument has a vertical inverted pendulum which is a different design than the horizontal garden gate type pendula. Components with cardinal orientation are then differently sensitive to gravity and its tidal variation, to noise, and to crosstalk between their outputs in dependence of their leveling adjustment [e.g., Pillet et al., 2009] .
[11] As shown on a one-day spectrum (Figure 3 ), there is a domain of high amplitudes at low frequencies, in addition to the higher frequency bands of the microseismic noise. The high signal coherence computed between the vertical ground motion component of a BB-OBS and the pressure signal (Figure 3, top) , that defines the material compliance under the OBS [e.g., Crawford et al., 1991] , qualifies the corresponding noise at periods longer than several tens of seconds to be the signal of infragravity waves due to ocean surface waves. The low-frequency hydrophones of 10 other instruments resolve similarly such notable amplitude at long periods. The whole set of observations allows then to verify that the notch frequency of the infragravity noise at sites from 5000 m to 1000 m water depth (Figure 3 ) changes from 20 to 40 mHz (50 to 25 s period) corresponding to the theoretical hydrodynamic filtering [e.g., Webb et al., 1991; Araki et al., 2004] . This had been observed in a previous simultaneous deployment of 3 OBS at different depths in the Faeroes basin [Crawford and Singh, 2008] . The coherence, and amplitude level of these infragravity noise change with time ( Figure 3 , top and middle; also Figure S1 in Text S1). 
Recording of the Normal Modes Down to Very Low Frequencies
[12] The recording during the 2005 PLUME project of the large M = 8.6 Simelue-Nias earthquake has provided the first sea-floor observations of ultra-low-frequency normal modes on unburied ocean-bottom seismometers down to the mode 0 S 8 [Laske et al., 2007 [Laske et al., , 2009 .
[13] We present here observations from the much weaker magnitude M = 8.1, April 1, 2007 Salomon Islands event. Events of such magnitude occur at least once a year. Data records have been processed in order to investigate whether spectral peaks of the Earth's normal modes are observable in response to this smaller excitation. Spectral analysis has been applied to the sea-bottom vertical motion data from the BB seismometer for different time durations after the earthquake origin time, from a few to thirty days. As a compromise (bottom) Spectra. Upper trace is vertical seismometer component (labeled Z), others of DPG, differential pressure gauges (D) or low-frequency hydrophones (H) labeled with OBS site and water depth. PSD estimates have been calculated using one-day files (Julian Day 57). Triangles on traces indicate infragravity wave high-frequency cut-off value to the low noise notch, computed with the dispersion relation of freely traveling surface gravity waves for OBS depth. The graduated bar on the left side gives the scale of the logarithmic amplitude variation of each of the curves that have been shifted manually from one another for clarity.
between the strength of amplitudes that decreases and the resolution in frequency that increased with the length of time series processed, the spectra for 8 days are displayed in Figure 4 . This is quite a short time span with respect to the 30 days that could be used in the case of the magnitude 9 Andaman Sumatra major earthquake of December 26, 2004 [Okal and Stein, 2009; Roult et al., 2010] .
[14] The spectra from the vertical component of the Trillium 240 s seismometers of the 3 Scripps type OBS of INSU/IPGP in Figure 4 display the series of discrete peaks of the Earth's spheroidal normal modes of vibration in response to the earthquake excitation, from 0.2 to 5 mHz, 5000 s to 200 s. The 3 BB-OBS and the FDF spectra are consistent. In the present case the OBS recordings are comparable with those obtained at site FDF in Martinique with the STS2 broadband seismometer. In the case of Hawaii and of the much larger earthquake reported by Laske et al. [2009] , the OBS did not record modes with period as long as those recorded at the nearby island observatory KIP.
[15] Spheroidal modes are very clear throughout the range. Mode 0 S 6, just above 1 mHz or below 1000 s period is the gravest mode clearly recorded by all three OBS and FDF, most clearly by OBS J6 on the accretionary wedge. This OBS also provides a unique clear record of 0 S 4 at 1546 s, 0.647 mHz, an even lower frequency mode, mainly related to mantle structure. At about the frequency of 0.3 mHz expected for the gravest mode 0 S 2 , there appears a small but distinct peak on H3. This is however not consistently stable for all different time window lengths analyzed and thus we cannot strongly claim to have recorded the very gravest of modes.
[16] Several harmonic modes are also resolved in-between fundamental ones, such as modes which are sensitive to mantle and outer core: 1 S 3 and 3 S 1 at 0.9439 mHz, 1059 s, between normal modes 0 S 5 and 0 S 6 , 1 S 4 between modes 0 S 6 and 0 S 7 , 2 S 5 -1 S 6 , between modes 0 S 8 and 0 S 9 , and further ones at higher frequencies.
Discussion
[17] This is the first example of recording the Earth's normal modes to very long period in what was expected to be very poor site conditions of a soft sea-bottom underlain by kilometers thick recent sediments and recorded during a winter-spring season of high level of ocean surface infragravity waves in the North Atlantic ocean. Furthermore this observation is obtained from an earthquake that is not exceptionally large, since events of that class of magnitude occur at least once a year on average. The normal mode spectral peaks are found to stick out from noise by 20-30 dB. Moreover, the amplitude of the infragravity waves decreases with increasing water depth (Figure 3) . Hence, normal modes of the Earth will be better seen on OBS records in deep water [Araki et al., 2004; Crawford et al., 1991] . This may hold for similar conditions in other mid-latitudes oceans, although in the Pacific ocean the infragravity noise is typically 20-30 dB above that of the Atlantic ocean . None the less normal modes with slightly shorter periods, but from a larger earthquake, have been recorded in the Pacific Ocean near Hawaii [Laske et al., 2009] .
[18] These findings show it is possible to consider extending the recording of normal modes to parts of the hitherto inaccessible largest area of the Earth's surface that is covered by oceans. This may open the way for sampling part of these larger areas for the response of lateral heterogeneity in deep structure, beyond the present reduced spatial sampling of the Earth from its continents and islands only. Hz has been applied before removing the sensor pole-zero response and before converting the signal to acceleration. Power spectral density functions have been estimated using Welch averaging with 50% overlap and Hamming tapered windows. The PSD have been estimated using 8-days long signal after the magnitude 8.1 Solomon Island earthquake. Colored Vertical lines indicate the spheroidal frequencies from the anisotropic PREM model [Dziewonski and Anderson, 1981] . Spurious peaks with harmonics at 3621 s and overtones are present in both the time series and in the frequency spectrum. Hence the spikes in the spectrum can be unambiguously identified and they have been erased from the spectra. Vertical scales in dB (À160 dB/À140 dB) for each PSD estimates have been added.
[19] The original goal of the experiment was to test for the conditions of observation at sea-bottom of long period signals such as have been found above some subduction zones with land seismometers and interpreted of endogeneous origin. At these sites on a submerged forearc with thick sedimentary cover, the quality of OBS records is unexpected and comparable to the records of a seismological observatory on land nearby at very long tidal periods, and also in the 1000 to 100 s range, as shown by the recording of the Earth's normal modes at these long periods.
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